In this chapter, the design and control of DC microgrids will be discussed. Depending on the time and bandwidth requirements, microgrid controllers can be categorized to primary local controllers (LC) and secondary microgrid central controllers (MGCC). The functions of the two categories of controllers will be presented and explained, using simulations and hardware experiments. In addition, the design of the power electronic converters linking the various resources and loads within the DC microgrid to the common DC bus, as well as the converters used to connect the microgrid to the main grid, will be presented. An example of the interaction of the MGCC with the controller of the main grid will be investigated. This chapter is intended to give a practical overview of the design and control of DC microgrids.
Introduction
Electric power systems are undergoing profound and radical changes triggered by the imperative to fulfill two objectives: (1) increase the power system resilience and (2) combat global warming. Resilience, as articulated by the Presidential Policy Directive 21 [1] , refers to "the ability to withstand and recover from deliberate attacks, accidents, or naturally occurring threats or incidents." In order to approach the first objective, consumers must be equipped with generators and storage elements in order to supply their loads locally during blackouts. In other words, the bulk power system will be divided into many local energy networks, namely microgrids, which are interconnected through the main power network during normal operating conditions, but can island themselves and operate independently when a fault occurs. Microgrids increase the overall efficiency of the system by satisfying part of their load locally, reducing the amount of power imported over long transmission lines. The effort to achieve the second objective is aided by increasing renewable energy generation. There is a wide consensus that if we are to realize the full environmental, societal, and economic benefits of microgrid deployment, while also improving resilience, microgrids must be based on renewable energy.
According to the U.S. Department of Energy, a microgrid is "a group of interconnected loads and distributed energy resources (DERs) with clearly defined electrical boundaries that acts as a single controllable entity with respect to the electric utility grid." A microgrid can be connected to the grid, in a grid-connected mode, or independent from the grid, in an islanded mode. Operation and control of microgrids have been given genuine attention in the literature. Each of the individual resources and controllable loads needs a controller. These controllers are referred to as local or resource controllers. In addition, a microgrid central controller (MGCC) is needed to act as a coordinator/supervisor to the local controllers (LCs).
The speed and bandwidth requirements significantly vary between LCs and MGCCs. LCs need to be faster since they have to deal with current and voltage commands and measurements, whereas MGCCs take a supervisory role in managing the power flow of the assets and loads within the microgrid and between the microgrid and the main grid. In addition, MGCCs fix any errors, for example, frequency deviation that may result from primary control [2, 3] . Tertiary control of microgrids refers the layer of control that extends beyond the boundaries of a single microgrid. It coordinates the interaction between various microgrids in close vicinity and the main grid. A virtual power plant whether owned by the utility company or a third party, aggregating some microgrids in a given geographic area, can be considered an example of tertiary control. This layer of control is typically considered as a part of the main grid's control [2, 4] and will be out of the scope of this chapter. However, by the end of the chapter, the interaction of the MGCC with the main grid will be highlighted. DC microgrids offer several advantages over AC microgrids [5, 6] . Electronic devices, such as computers, routers, and electronic lights (either fluorescent or LED), represent a high percent of the electric load in many buildings today. Moreover, variable speed drives (VFD) are increasingly used for electric motors. A DC environment is found to be a more convenient way to deliver power to these loads to assure reliability and redundancy. DC networks do not need AC to DC conversion for every electronic device, which has a significant impact on the efficiency. DC can reduce the losses associated with switch-mode supplies and uninterruptible power supplies. Furthermore, incorporating DC microgrids has the benefit of superior compatibility of the DC power with renewable energy generators, for example, photovoltaics (PV), electric vehicles, and energy storage systems (ESSs) [7] [8] [9] [10] .
In this chapter, we will focus on the design of primary and secondary control techniques for DC microgrids. Computer simulations and hardware testing will be used to verify the presented techniques. The simulation results were obtained using MATLAB/Simulink and the SimPowerSystems sublibrary.
Microgrid structure
The DC microgrid under study is assumed to be dependent mainly on the sustainable energy sources, as shown in Figure 1 . The microgrid is connected to the main grid, so that it can operate in a grid-connected mode. Moreover, it includes an ESS, so that it can operate in an islanded mode during blackout/brownout conditions. During the grid-connected mode, power can be drawn either from the main grid or from the ESS in case the locally generated renewable energy is not enough to satisfy the load demand. Since the microgrid is based on renewable energy, certain features had to be maintained to assure efficient integration of the renewable resources, such as efficient and reliable loadfeeding capability and full controllability of voltage and power flow among the various buses in the system. The connectivity of the DC microgrid to the main grid should allow voltage regulation on the DC side. Furthermore, it should allow bidirectional power flow between AC and DC sides, depending on the desired mode of operation.
Specifically, a fully controlled rectifier was used to tie the DC network to the AC grid while working at unity power factor. This rectifier is dedicated to regulating the voltage on the DC bus in the grid-connected mode. Therefore, it enables unidirectional power flow from the main grid to the DC microgrid. Alternatively, one of the other resource converters, for example, the bidirectional battery charger, must be responsible for regulating the DC bus voltage. A fully controlled bidirectional AC-DC converter was used to control the active/reactive power exchange with the main grid. It employs a vector decoupling control technique, which enables independent control of the active and reactive power in both directions. Each converter is controlled via a LC. A MGCC communicates with the LCs and coordinates their operation.
Energy link integration

Converters and control design
The ESS and PV will be linked to the common DC bus of the microgrid through DC-DC converters. Boost converter is commonly used to interface renewable energy sources yielding DC voltage to the DC microgrid. In case of PV systems, a controlled boost converter shall serve two functionalities: (1) it steps up the output voltage of the PV system to be compatible with the DC bus voltage and (2) it regulates the output voltage or power, for example, corresponding to a predefined maximum power point tracking algorithm. The boost converter topology may be slightly modified when used as an interface for PV systems in a DC microgrid. For instance, since the DC bus may already possess high capacitance (i.e., owing to the other converters connected to the same bus), the boost converter capacitor can be omitted, resulting in a discontinuous instantaneous output current. A solution to maintain continuous output current is to synchronize multiple DC-DC converters (i.e., interleaved converters) [11, 12] . Another approach to solve the problem of discontinuity in the output current is by adding an L-filter to the output side of the converter, as shown in Figure 2 . The added inductance assures Energy Management of Distributed Generation Systemscontinuous conduction of the output current. The configurations of the circuit during the ON and OFF states of the switches are shown in Figure 3 , where the parameter D in the caption refers to the duty cycle and T s refers to the switching time.
The small-signal mathematical model of this converter can be obtained using the state-space averaging technique. The state-space model during the interval (0 < t ≤ DT s ) is [11]
whereas the state-space model during the interval (DT s < t ≤ T) is
Using the state-space averaging technique, ( )
whereas the small-signal state-space set of equations will be ( )
where
Energy link integration results and discussion
A prototype system was designed and implemented in hardware to examine the performance of the inductively coupled boost converter. The set of equations described in Section 3.1 was Figure 4 .
Results for the inductively coupled boost converter are shown in Figure 5 . The output current reference changed from 1 to 3 A after 5 s. It can be seen that the output current is continuous, and the ripple is as small as 2%, which means a high power quality injected to the DC microgrid. 
Microgrid to main grid connectivity
DC bus voltage regulation
Converter description and mathematical modeling
A fully controlled three-phase rectifier will be used for coupling the DC network to the AC grid. In our case study, we designed and implemented the rectifier such that it regulates the voltage of the DC bus, while being able to operate at unity power factor. This was achieved through a vector decoupling control technique and sinusoidal pulse width modulation (SPWM).
Vector decoupling SPWM control is based on converting the voltages and currents from the three-phase abc frame of references to the d-q frame of references. Even though mathematical models for the system have been derived, PI controllers were implemented to control the rectifier rather than model-based control due to its relative simplicity and effectiveness. However, the mathematical models play an important role in decoupling the vectors, which is essential to achieve independent P/Q control. The three-phase SPWM rectifier circuit and its single-phase equivalent are shown in Figure 6 [13]. 
where w is the angular frequency of the voltage source in radians.
The rectifier should instantaneously draw enough input power to satisfy the sum of the load demand and the charging rate of the capacitor energy, to maintain fast voltage control. Neglecting the thermal and switching device losses, the power balance between the AC input and the DC output is as follows:
( ) On the DC output side,
where i L is the load current. From Eqs. (10) and (11) 
Inspecting Eq. (12), we can see that the system is nonlinear with regard to v dc . From Eqs. (8), (9), and (11), a complete state-space modeling of the system is given by
Vector decoupling technique
Two nested loops including three PI controllers were implemented to achieve DC voltage as well as input current control. The outer loop is for controlling the DC bus voltage, while the inner loop is for current control. Due to the vector transformation from abc to d-q frame of references, the controller deals with three DC signals, which help eliminate steady-state errors in the developed PI controllers.
In order to completely decouple the d and q components and achieve independent P and Q control, the decoupling terms (wLi de ) and (wLi qe ) were included while calculating the rectifier's 
In Figure 7 , a layout for the developed controller is shown. The controller has the capability to control the active and reactive power independently, and hence, it can be easily set up to operate at unity power factor by adjusting the desired i de to zero. In mathematical terms, this is represented in Eqs. (15) and (16) 
Q t e t i t e t i t = -
Bidirectional energy transfer
DC microgrids may draw or inject power to the grid, depending on the local generation/ demand ratio. Therefore, a bidirectional converter must be put in place to enable such energy transfer. For instance, during times of surplus energy, that is, when power from the PV system is greater than the local load, the power can be injected to the grid if the price for electricity is high and/or the battery is fully charged. On the other hand, power may be drawn by the DC microgrid to cover load deficiencies. The vector decoupling control technique discussed earlier in this chapter was utilized here to enable independent active and reactive power control. For the bidirectional converter, the topology is modified by adding an L-filter (L) on the DC side, as shown in Figure 8 . Moreover, the DC voltage controller in Figure 7 is replaced by a current controller, as shown in Figure 9 [14] .
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Grid connectivity results and discussion
Both the unidirectional converter (i.e., the controlled rectifier used for DC bus voltage regulation) and the bidirectional converter were implemented in hardware and simulated in MATLAB/Simulink. The switching frequency for both the converters was 8.04 kHz, and the sampling time was 0.3 ms. Voltage and current sensors were deployed to receive feedback from the various nodes of the system [14] . Several experiments were conducted to test the response of the converters under steady state as well as transient operating conditions. The hardware and simulation results will be presented for the various case studies.
Steady-state performance
The first experiment aimed at testing the steady-state response of the rectifier while operating at unity power factor. Results of this experiment are shown in Figure 10 . As can be seen in the figure, the current and voltage waveforms are in phase, and the DC bus voltage is regulated at 300 V. The DC current is positive, which according to our notation, means that the power is flowing from the main grid to the DC microgrid. 
Transient performance
Two experiments were conducted to examine the performance of the developed rectifier under transient operating conditions, namely (1) a step change in the load demand and (2) a step change in the DC microgrid voltage. Figures 11 and 12 depict the results for these two experiments, respectively. For the first experiment, whose results are shown in Figure 11 , the DC load was suddenly changed from 0.72 to 1.5 kW. The results show that the converter is capable of responding to the change in the load by increasing the value of i q . Moreover, it maintains unity power factor operation, since the value of i d , which is responsible for reactive power, decays back to zero shortly after the load step change. The DC voltage encounters a small undershoot because of the load change, while the DC current increases to satisfy the load.
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In the second experiment, Figure 12 . Meanwhile, i d encounters some transient conditions but returns to zero to maintain unity power factor operation.
Bidirectional power flow results
The bidirectional converter was implemented using an L-filter value of 24 mH. This filter, which encompasses 0.9 ohm internal resistance, was used to improve the overall total harmonic distortion of the converter and achieve smooth current control. Several experiments were conducted to test the response of the converter under several step changes in the desired power and its direction. The first experiment (see Figure 13 ) involved a step change in the reference current from 1 to 3 A, while operating in the rectifier mode (i.e., the power flows from the main grid to the DC Energy Management of Distributed Generation Systemsmicrogrid). Inspecting Figure 13 , it can be seen that the converter succeeds in corresponding to the step change in the current reference within a few cycles. The results of a reverse experiment, in which the current reference was decreased from 3 to 1 A, are shown in Figure 14 . Both experiments verify the applicability of the developed converter. It is worth mentioning that the experimental results match the simulation results. This assures the credibility of the simulation model, which can be used for analyses that may not be easily performed experimentally, for example, fault analysis.
To examine the converter in the inverter mode, the current reference was changed from −3 to −1 A. The negative sign refers to the inverter mode of operation. Figure 15 shows the results for this experiment. It can be seen that the converter achieves the desired output current, and that the AC current and voltage waveforms are 180° out-of-phase corresponding to the negative active power direction and zero reactive power. In the developed bidirectional converter, the power can flow in both directions, that is, from AC to DC or from DC to AC. Two experiments were conducted to test the ability of the converter to change the direction of the power instantaneously, while maintaining unity power factor operation. Figure 16 shows the results of an experiment in which the current reference was changed from −3 to 3 A. This means that the current was flowing from the DC microgrid to the main grid and suddenly reversed its direction. The simulation and experimental results show that the converter was able to control the current and achieve the required step change. Figure 17 shows the case when the current reference was changed from 3 to −3 A. The results of both experiments show that the converter can smoothly change its mode of operation, from the rectifier to the inverter mode, and vice versa. 
Microgrid central control
The MGCC communicates not only with the LCs to coordinate their operation but also with the controller of the main grid. The main function of the LC is local voltage and current control of the converter that they are associated with. The functions of the secondary controller are optimal microgrid control, for example, energy cost minimization, broadcasting active and reactive power set points, and islanding detection and operation [2, 15, 16] .
In order to examine the operation of MGCC, an experiment was conducted. Four AC generators were used to form an AC network. The generators were interconnected through transmission line models. The DC microgrid described earlier within this chapter was connected to the main AC grid at the AC point of common coupling (PCC), as shown in Figure 18 . The DC microgrid has the ability to draw or inject P and Q to and from the grid. In this experiment, the DC microgrid was regulating the voltage at the PCC. A unity power factor load of 0.7 kW was initially connected to the PCC, as shown in Figure 19 . The DC microgrid was commanded to receive 100 W and 0 Vars. The AC grid satisfied both the AC load and DC microgrid Energy Management of Distributed Generation Systemsdemands. The steady-state voltage at PCC was 0.94 pu, while the voltage on the DC bus was 1 pu. After 20 s, following this initial state, the DC microgrid MGCC received a request from the main grid to inject the total amount of demanded power on the AC side [17] . Consequently, the voltage improved to 1.02 pu. The controlled rectifier regulating the voltage on the DC bus maintains a voltage of 1 pu after a transient period of around 6 s with an overshoot of 0.02 pu. When a reactive load of 0.45 kVARs with lagging power factor is added to the PCC after 43 s, the voltage drops to around 0.95 pu. The DC microgrid is then requested by the main grid to inject 0.3 kVARs. Therefore, the voltage at the PCC increases to 0.98 pu. The DC bus voltage is hardly affected by this change in its reactive power reference. A maximum of 0.2 Hz frequency deviation was reported, as shown in Figure 19 . This experiment highlights the coordination that can be achieved between the main grid's controller and the MGCC to enhance the overall performance of the whole system [18] .
